Heat-killed Borrelia burgdorferi spirochetes stimulate in vitro production of interleukin-10 (IL-10) at both mRNA and protein levels in peripheral blood mononuclear cells (PBMC) of uninfected rhesus monkeys. A concomitant down-modulation of IL-2 gene transcription was observed. Neither IL-4 nor gamma interferon gene expression was ostensibly affected by B. burgdorferi spirochetes. These phenomena were observed regardless of whether the stimulating spirochetes belonged to the B. burgdorferi sensu stricto, Borrelia afzelii, or Borrelia garinii genospecies, the three main species that cause Lyme disease. B. burgdorferi also induced production of IL-10 in uninfected human PBMC, indicating that this effect might play a role in human Lyme disease. Purified lipidated outer surface protein A (OspA), but not its unlipidated form, induced the production of high levels of IL-10 in uninfected human PBMC. Thus, the lipid moiety is essential in the induction of IL-10 in these PBMC. B. burgdorferi M297, a mutant strain that lacks the plasmid that encodes OspA and OspB, also induced IL-10 gene transcription in PBMC, indicating that this phenomenon is not causally linked exclusively to OspA and its lipid moiety. These results demonstrate that B. burgdorferi can stimulate the production of an antiinflammatory, immunosuppressive cytokine in naive cells and suggest that IL-10 may play a role both in avoidance by the spirochete of deleterious immune responses and in limiting the inflammation that the spirochete is able to induce.
Lyme borreliosis is a multisystem disease caused by infection with the tick-borne spirochete Borrelia burgdorferi. The spirochete can invade a variety of tissues (2) and has the ability to persist in them for a long time (32, 47) . This persistence has been correlated with severe pathology and may be responsible for localized inflammation (2, 47) . The association between tissue invasion and localized inflammation may be explained by the fact that the spirochete possesses potent cytokine-stimulatory properties. It has been shown that B. burgdorferi can induce the in vitro production of several proinflammatory cytokines such as interleukin-1 (IL-1) (23), 39, 40) , and tumor necrosis factor alpha (9) as well as mediators of inflammation such as nitric oxide (29, 40) and superoxide (29) . These responses are elicited by membrane lipoproteins, e.g., outer surface protein A (OspA) (27, 28, 39) .
Many host factors, such as Borrelia-specific T cells, macrophages, and neutrophils, as well as their immune mediators, potentially contribute to the elimination of resident spirochetes from tissues. In mice, CD4 ϩ T cells play an important role in controlling spirochete growth (22) . Neutrophils and macrophages can phagocytize opsonized spirochetes and induce a metabolic burst (6, 29) . Nitric oxide and reactive oxygen intermediates have not only been shown to mediate host inflammation (4) but may also contribute to spirochetal death (6, 29) . Yet there must be a way for the spirochetes to circumvent harmful immune responses if they are to persist in the immunocompetent host.
Many investigators have noted that some Lyme disease patients appear to have down-regulated immune responses (38) .
Peripheral blood mononuclear cells (PBMC) from such patients failed to respond in vitro to B. burgdorferi antigens (24, 37) . Other studies have shown that NK cell function is inhibited in patients with both early and chronic Lyme disease (8, 17) but is normal in patients who are convalescent (8) . In one of these studies it was documented that the organisms themselves inhibited NK cell function (17) . More recently, it has been reported that protein antigens of B. burgdorferi were able to inhibit antigen-and mitogen-induced lymphocyte proliferation and decrease IL-2 production (5). It is possible that, as a survival stratagem, the spirochete is able directly to effect down-regulation of deleterious immune responses by an as yet unidentified mechanism. Such a down-regulatory effect might also contribute to the limiting of inflammatory stimuli.
As we were investigating cytokine profiles in monkeys infected with B. burgdorferi, we observed that spirochetes induced in vitro the production of IL-10-a well-known antiinflammatory and immunosuppressive cytokine-in uninfected monkey PBMC. In view of the possible effect that the induction of IL-10 by spirochetes could have on the immune response and in the pathogenesis of Lyme disease, we further investigated this phenomenon. The present study demonstrates that B. burgdorferi is able to induce in vitro the production of IL-10, at both mRNA and protein levels, in uninfected human and rhesus monkey PBMC. This phenomenon is causally linked to the lipidation of spirochetal lipoproteins. The possible role of the induction of IL-10 by B. burgdorferi in the establishment of infection and disease pathogenesis is discussed.
MATERIALS AND METHODS
Bacterium and antigen preparation. Two strains of B. burgdorferi sensu stricto (JD1 and M297) were used in this study. JD1 was from our stocks and had been obtained originally from the Centers for Disease Control and Prevention, Fort Collins, Colo. M297, a mutant strain that lacks the plasmid that encodes OspA and OspB (21) , was obtained from Carrie Hughes (Georgetown University, Washington, D.C.). Borrelia afzelii ECM-1 and Borrelia garinii G-1 were obtained from Denee Thomas (University of Texas Health Science Center, San Antonio, Tex.). Spirochetes were grown in vitro in BSK-H medium (Sigma Chemical Co., St. Louis, Mo.) supplemented with 10% heat-inactivated young rabbit serum (Pel-Freez, Roger, Alaska), 7.5 g of amphotericin per ml, 48 g of rifampin per ml, and 192 g of phosphomycin per ml, washed five times for 10 min each in sterile 0.01 M phosphate-buffered saline (PBS) (pH 7.2), heat killed by boiling for 10 min, aliquoted, and stored at Ϫ70°C until being used. Recombinant lipidated OspA (L-OspA) and unlipidated OspA (U-OspA) were obtained from John Dunn, Brookhaven National Laboratories, Brookhaven, N.Y. The recombinant ospA gene was from the B31 strain of B. burgdorferi sensu stricto. U-OspA was equivalent to mature OspA but lacked the cysteine in position 18 of the unprocessed protein (14) .
Isolation of PBMC. Preservative-free heparinized blood was obtained from uninfected 3-to 4-year-old Chinese male rhesus monkeys (Macaca mulatta) and healthy human donors who had never been exposed to B. burgdorferi. Blood was centrifuged at 450 ϫ g for 15 min to obtain buffy-coat cells. Cells were resuspended in RPMI 1640 medium, and the PBMC were isolated by density gradient centrifugation with Ficoll-Hypaque (Sigma). Cells were washed three times for 10 min each in cold medium, and final suspensions were made in RPMI 1640 supplemented with 25 mM HEPES buffer, 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum (Hyclone, Logan, Utah), 100 U of penicillin per ml, 100 g of streptomycin per ml, and 0.25 g of fungizone per ml (supplemented medium). Viability of cells (greater than 95%) was determined by trypan blue exclusion.
Stimulation of cytokine production. PBMC (3 ϫ 10 6 /ml) were cultured in supplemented medium in round-bottom polypropylene tubes (Sarstedt, Nüm-brecht, Germany) in the presence or absence of heat-killed spirochetes (10 6 to 10 7 spirochetes/ml), L-OspA or U-OspA (1 g/ml), concanavalin A (ConA) (8 g/ml), phytohemagglutinin (PHA) (10 g/ml), or lipopolysaccharide (LPS) from Escherichia coli O26:B6 (1 g/ml) (ConA, PHA, and LPS were from Sigma). Cultures were incubated at 37°C in a humidified atmosphere (5% CO 2 and 95% air) for 24 h (for RNA expression) or 48 h (for cytokine production). Where indicated, cultures also contained 50 g of polymyxin B sulfate (Sigma) per ml. The concentration of polymyxin B used was in a range that has been reported not to be toxic to human cells (25, 41) . The viability of the cells cultured in the presence of polymyxin B was greater than 95% after 48 h of culture. At the end of the culture, the cells were centrifuged at 400 ϫ g at 4°C and processed immediately for RNA extraction. The supernatants were aliquoted and stored at Ϫ70°C until being assayed for IL-10. . RT was allowed to proceed for 10 min at room temperature and then for 1 h at 42°C, after which it was heat inactivated at 95°C for 5 min. One-fifth of that mixture was then used as a template for specific amplification of each cytokine. PCR was performed with primers and probes that cross-hybridize between human and rhesus monkey cytokine genes according to a protocol previously described (43) . Primer and probe sequences for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IL-2, IL-4, IL-10, and gamma interferon (IFN-␥) have been published elsewhere (3, 42, 43 ). An optimal number of PCR cycles was determined initially by using a variable number of cycles to identify a linear range of amplification for each cytokine transcript. Thirty cycles (IL-2 and IL-10), 35 cycles (IL-4 and IFN-␥), or 25 cycles (GAPDH) of denaturation (95°C), annealing (60°C), and elongation (72°C) were performed in a Perkin-Elmer model 480 thermocycler (The Perkin-Elmer Corp., Norwalk, Conn.). Positive and negative controls were included in each assay to confirm that only cDNA PCR products were detected and that none of the reagents were contaminated with cDNA or PCR products. PCR products were separated on agarose gels, Southern transferred to a Nytran nylon membrane (Schleicher & Schuell, Keene, N.H.), probed with digoxigenin-labelled oligonucleotide probes, and visualized with a chemiluminescence detection system (Genius kit; Boehringer Mannheim, Indianapolis, Ind.). All cytokine amplicon levels were normalized with respect to the amount of mRNA encoding GAPDH, the product of a housekeeping gene, detected in the same sample. The chemiluminescent signals were quantified with 1D Image Analysis Software (Kodak Digital Science, Eastman Kodak Co., Rochester, N.Y.). The results are expressed in terms of fold increase over the mRNA levels of PBMC cultured in the absence of antigen or mitogen.
IL-10 ELISA. A sandwich enzyme-linked immunosorbent assay (ELISA) was employed to detect secreted IL-10. Monoclonal antibody JDS3-9D7 (PharMingen, San Diego, Calif.) was used as the capture antibody, and biotin-conjugated monoclonal antibody JDS3-12G8 (PharMingen) was used as the detection antibody. The capture antibody was diluted in 0.1 M Na 2 HPO 4 , pH 9.0, to a concentration of 4 g/ml. ELISA plates (catalog no. 3590; Costar, Cambridge, Mass.) were coated with 50 l of that solution and incubated overnight at 4°C.
Plates were blocked with 200 l of 1% bovine serum albumin (BSA)-PBS per well for 30 min at room temperature. After three washes with PBS-0.05% Tween 20, duplicate samples (culture supernatants) and standards were incubated overnight at 4°C in the antibody-coated wells. Dilutions of recombinant human IL-10 (PharMingen) in supplemented medium were used for the standard curve. After four washes with PBS-0.05% Tween 20, 100 l of detection antibody per well diluted to 1 g/ml in 1% BSA-PBS-0.05% Tween 20 was added and the mixture was incubated for 1 h at room temperature. Wells were washed six times with PBS-0.05% Tween 20, and 100 l of streptavidin-horseradish peroxidase (Vector Laboratories Inc., Burlingame, Calif.) diluted 1/350 in 1% BSA-PBS-0.05% Tween 20 was added. Plates were incubated for 30 min at room temperature and then washed eight times with PBS-0.05% Tween 20. One hundred microliters of 2,2Ј-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) ⅐ H 2 O 2 substrate (Sigma) was added, and the mixture was incubated at room temperature for 30 min. Absorbance at 405 nm was determined with a microtest plate spectrophotometer, model SLT. Spectra II and the concentration of the samples were determined with soft2000 4.02 software Tecan US, SLT Lab Instruments, Research Triangle Park, N.C.
Statistics. ELISA results were logarithmically transformed and analyzed with Student's paired t test. Significance was assessed at a probability level of 0.05.
RESULTS
Cytokine mRNA expression of rhesus monkey PBMC that were stimulated with B. burgdorferi. The ability of B. burgdorferi to induce mRNA transcription of the IL-2, IL-4, IL-10, and IFN-␥ cytokine genes in rhesus monkey PBMC was evaluated in vitro. For that purpose, PBMC from uninfected rhesus monkeys were cultured for 24 h in the absence or presence of whole heat-killed spirochetes of the B. burgdorferi sensu stricto strain JD1 or ConA. Cytokine gene expression was assessed by semiquantitative RT-PCR. Compared to unstimulated cells, a marked up-regulation of the expression of the IL-10 gene in JD1-stimulated PBMC was observed in all animals (geometric mean fold increase [GMFI] of 22.9) (Fig. 1A) . In contrast, there was a concomitant down-regulation of IL-2 gene expression when cells were stimulated with JD1 (GMFI of 0.014) (Fig. 1B) . JD1 did not ostensibly affect the expression of IL-4 (GMFI of 0.92) or IFN-␥ (GMFI of 1) genes in normal cells ( Fig. 1C and D, respectively) .
We further asked whether spirochetes of B. afzelii and B. garinii, the other major genospecies that cause Lyme disease, would also have the capacity to induce the expression of the IL-10 gene in vitro. PBMC from rhesus monkeys were incubated with either whole heat-killed spirochetes of B. afzelii ECM-1 or B. garinii G1. RT-PCR results showed that ECM-1 and G1 strains induced a prominent up-regulation of IL-10 gene expression (GMFI of 28.7 and 20, respectively) with a concomitant down-regulation of IL-2 gene expression (GMFI of 0.065 and 0.16, respectively) ( Fig. 1A and B) . As with B. burgdorferi sensu stricto spirochetes, incubation of PBMC with B. afzelii or B. garinii spirochetes did not substantially modify the expression of the IL-4 (GMFI of 1.18 and 1.08, respectively) and IFN-␥ (GMFI of 0.63 and 0.93, respectively) genes ( Fig. 1C and D) . Thus, spirochetes of the three main genospecies that cause Lyme disease up-regulate IL-10 gene transcription in uninfected monkey cells. Stimulation of PBMC with the mitogen ConA induced high levels of mRNA expression of all of the cytokines investigated (Fig. 1) , indicating that under appropriate conditions rhesus monkey PBMC are able to transcribe the cytokine genes investigated.
The induction of IL-10 gene transcription was a function of the number of spirochetes present in the culture. For cells from three different monkeys, a marked upregulation of IL-10 gene expression was detected in cultures containing between 10 6 and 10 7 spirochetes/ml (spirochete/cell ratios of 0.3 to 3 spirochete/PBMC). Induction of the IL-10 gene in cultures containing 10 5 spirochetes/ml or fewer dropped dramatically, to the levels of unstimulated cells (data not shown). Thus, in all experiments either 10 6 or 10 7 spirochetes/ml were used to stimulate PBMC.
Production of IL-10 in culture supernatants of rhesus monkey PBMC that were stimulated with B. burgdorferi. We further investigated the capacity of JD1 to induce secretion of IL-10 from uninfected monkey cells. PBMC from normal monkeys were cultured for 48 h in the absence or presence of JD1 or ConA. Production of IL-10 in the culture supernatants was assessed by ELISA. IL-10 was significantly elevated in culture supernatants from PBMC that were stimulated with JD1 or ConA compared with the supernatants of unstimulated cells (P values of Ͻ0.01 and 0.005, respectively) (Fig. 2) . The amount of IL-10 secreted in response to JD1 was comparable to that induced by ConA in three of the five uninfected monkeys tested. The background levels of IL-10 in the supernatants from unstimulated cells were below the sensitivity level of the assay (15 pg/ml).
B. burgdorferi spirochetes induce IL-10 transcription and production in human PBMC. As a first step toward determining whether the induction of IL-10 by B. burgdorferi might play a role in human Lyme disease, we investigated whether JD1 could also induce the production of IL-10 in human cells. PBMC from healthy human donors were cultured in the presence or absence of JD1 or PHA, and IL-10 gene expression was assessed by RT-PCR. As observed with monkey PBMC, when human cells were cultured with JD1 there was a marked up-regulation in expression of the IL-10 gene (GMFI of 13) (Fig. 3A) . As with monkey cells, transcription of the IL-2 gene was down-regulated and that of the IL-4 and IFN-␥ genes was not substantially modified by JD1 (data not shown). Furthermore, a significant amount of IL-10 was produced in culture supernatants of human PBMC that were stimulated with either JD1 or PHA, compared with the unstimulated PBMC (P values of Ͻ0.005 and 0.0001, respectively) (Fig. 3B) .
The lipid moiety of spirochetal lipoproteins is essential in IL-10 production. Using OspA as a model of a spirochetal lipoprotein, we investigated the capacity of B. burgdorferi lipoproteins to up-regulate the production of IL-10 in normal cells. PBMC from three different human donors were incubated with L-OspA or U-OspA and, after 48 h of culture, production of IL-10 was evaluated in the culture supernatants by ELISA. Cells from all three donors produced significant levels of IL-10 when stimulated with L-OspA (P Ͻ 0.005). In contrast, U-OspA did not induce an amount of IL-10 higher than that produced by RPMI (background) (Fig. 4A) . To ensure that the IL-10 production was not due to E. coli LPS that might have been copurified with the recombinant OspA, cultures were incubated with or without polymyxin B (50 g/ml), a specific inhibitor of the activity of LPS (31) . As additional controls, cells were incubated with PHA, JD1, or LPS. These controls made it possible to assess the specificity of the inhibitory effect of polymyxin B as well as the integrity of the cells used in the experiment. Polymyxin B at a concentration of 50 g/ml inhibited the activity of 1 g of LPS/ml by 90 to 95%. However, it had no significant effect on the L-OspA-stimulated production of IL-10 (P Ͼ 0.05). JD1 or PHA also induced high levels of IL-10 in PBMC cultures, but these levels were not significantly affected by the addition of polymyxin B (P Ͼ 0.05) (Fig. 4A) . The ability of L-OspA to induce IL-10 gene expression in normal rhesus monkey PBMC was investigated by RT-PCR. When PBMC from three different uninfected rhesus monkeys were stimulated with L-OspA, there was a marked up-regulation of IL-10 gene expression relative to that of un-FIG. 3. IL-10 production induced by B. burgdorferi in PBMC from healthy human donors. PBMC (3 ϫ 10 6 /ml) from each individual were incubated with supplemented medium (RPMI), heat-killed JD1 (10 6 spirochetes/ml), or PHA (10 g/ml). Levels of IL-10 mRNA were determined by RT-PCR after 24 h of culture (A), or IL-10 production in the supernatant was determined by ELISA after 48 h of culture (B). Data points of the RT-PCR and ELISA are presented as described in the legends to Fig. 1 and 2 , respectively. (Fig. 4B) . In contrast, U-OspA failed to induce transcription of IL-10 in PBMC from these animals (GMFI of 0.56) (Fig. 4B) . These results showed that the lipid modification of OspA is crucial for the induction of IL-10 in normal cells.
We next investigated whether other lipoproteins of B. burgdorferi could induce the production of IL-10 from normal PBMC or if this phenomenon is an exclusive effect of OspA and its lipid moiety. Monkey PBMC were incubated with whole heat-killed spirochetes of B. burgdorferi M297, a mutant strain that lacks the plasmid encoding OspA and OspB (21) , and expression of the IL-10 gene was assessed by RT-PCR. The M297 spirochetes caused an up-regulation in expression of the IL-10 gene (GMFI of 30.6) (Fig. 5) , suggesting that lipoproteins other than OspA (or OspB) can induce the same phenomenon that we had observed with wild-type spirochetes.
DISCUSSION
A vexing enigma of Lyme borreliosis is the long-term persistence of the infecting spirochete (32, 47) despite a vigorous and specific immune response (1, 30) . A panoply of defensive resources may be available to the spirochete, including antigenic variation (46, 49) , limited exposure of antigenic targets (7), seclusion into immune privileged sites (26) , and local and/or systemic suppression of harmful immune responses.
In this paper we present evidence demonstrating that B. burgdorferi can induce in vitro the production of IL-10, a potent immunosuppressive and antiinflammatory cytokine, in uninfected rhesus monkey and human mononuclear cells. Cells from uninfected rhesus monkeys exhibited a marked up-regulation of expression of the IL-10 gene when cultured in vitro with one representative strain of each of the three main species of the B. burgdorferi sensu lato complex. Together with the up-regulation in IL-10 gene transcription was an associated protein synthesis and release of the IL-10 molecule. Concomitantly, spirochetes induced a marked down-regulation in expression of the IL-2 gene. In contrast, none of the strains examined affected ostensibly the expression of IL-4 and IFN-␥ genes. The up-regulation of IL-10 was not a phenomenon unique to rhesus monkey cells. B. burgdorferi also induced production of IL-10, at both the mRNA and protein levels, in PBMC of human donors with no evidence of previous exposure to B. burgdorferi. It is noteworthy that the amount of IL-10 produced by human cells stimulated with JD1 was higher than that generated by monkey PBMC stimulated with the same concentration of antigen. The difference in the production of IL-10 between human and monkey cells may reflect the inability of the anti-human IL-10 antibody used in the ELISA to bind with the same affinity to the monkey IL-10 molecule, or it could be due to inherent differences in the production of IL-10 between human and monkey cells. The finding that both monkey and human normal cells produce IL-10 in response to B. burgdorferi suggests that IL-10 might be implicated in human Lyme disease. The parallels between rhesus monkeys and humans further underscore the usefulness of the monkey model developed in our laboratory (33, 36) for the study of immune mechanisms in human Lyme borreliosis.
It has been previously reported that B. burgdorferi lipoproteins-OspA being the most studied-can induce production of several proinflammatory cytokines (27, 28, 35, 39) ; this attribute is linked to the lipid moiety (35, 44) . The present study showed that transcription of the IL-10 gene is induced both in uninfected monkey and in uninfected human PBMC when these cells are incubated with lipidated OspA but not in the presence of the unlipidated molecule. High levels of the IL-10 cytokine were induced by lipidated OspA in uninfected human PBMC. This effect was dose dependent (16) . Polymyxin B treatment did not abrogate this IL-10 production, regardless of whether the latter was induced by L-OspA or heat-killed spirochetes. Since the same JD1 preparation was used throughout, the result reported in Fig. 4A indicates that in all previous experiments induction of the IL-10 gene was also specifically caused by B. burgdorferi. Lipidation of the OspA molecule is thus required for production of IL-10 in PBMC from uninfected donors.
It has been shown that several lipoproteins from B. burgdorferi, Treponema pallidum, and E. coli, with different polypeptide sequences, can stimulate cellular proliferation as well as inflammatory cytokine production in normal cells (19, 20, 28, 35, 45) . Moreover, Radolf and colleagues (35) have shown that lipohexapeptides have the same biological activity as the entire lipoprotein. The lipid modification of B. burgdorferi lipoproteins is likely to be identical in all molecules, suggesting that all spirochetal lipoproteins have the potential ability to induce IL-10 production. Indeed, spirochetes of B. burgdorferi M297, a mutant strain that lacks the plasmid encoding OspA and OspB, also induced IL-10 gene transcription in uninfected monkey PBMC. This indicates that production of IL-10 by PBMC is not strictly linked to OspA and its lipid moiety but may be elicited by other lipoproteins. It follows that despite the down-regulation of OspA expression during transmission to the mammalian host (11), spirochetes might conceivably downmodulate an early and damaging immune response by inducing local or systemic IL-10 production with lipoproteins such as OspC and BmpA.
The finding that B. burgdorferi lipoproteins up-regulate production of IL-10 may shed some light on the observation that cells from Lyme disease patients often fail to respond to B. burgdorferi antigens (24, 37) . IL-10 has been shown to downmodulate the proliferation of T-helper subsets by selectively inhibiting the production of Th1 cytokines such as IL-2 and IFN-␥ (15) as well as by suppressing the expression of class II major histocompatibility complex molecules (12) and accessory molecules such as CD80 and CD86 (13) . T-cell lines derived from Lyme disease patients have been shown to produce IL-10 together with IFN-␥ (34) . In a recent study, it was demonstrated that IL-10 can be concomitantly produced with Th1 cytokines when synovial fluid mononuclear cells from infected patients are incubated with B. burgdorferi (48) . The same study showed that this endogenously produced IL-10 also can inhibit both Borrelia-specific lymphocyte proliferation and tumor necrosis factor alpha and IFN-␥ production. In the rhesus monkey model, we have observed that PBMC from monkeys chronically infected with B. burgdorferi display a down-modulation of the antigen-specific T-cell response (10) . The same cells showed an elevated level of B. burgdorferi-induced IL-10, with diminished production of IL-2 mRNA (16); this may suggest a possible role for IL-10 in the T-cell hyporesponsiveness of these animals.
Tai and colleagues have shown that B. burgdorferi and its lipoprotein OspA possess a B-cell mitogenic and cytokinestimulatory activity in human cells (39) . While this may appear to contradict our findings, their results showed that the proliferative response of the B-enriched cell population was stronger than that of unfractionated PBMC, possibly because of the production of inhibitory cytokines such as IL-10 by other cells of the PBMC population. Studies are currently being conducted in our laboratory to determine which cell types produce IL-10 when stimulated with B. burgdorferi spirochetes.
Recently, a model which postulates that at least three factors contribute to the development of cytokine-mediated inflammation in Lyme disease has been proposed (28) . These factors are invasion of and persistence of spirochetes in tissues, interaction of stimulatory lipoproteins with effector cells, and regulation of this effect by modulatory cytokines produced in the microenvironment of the invaded tissues. In view of our results, IL-10 may be one such modulatory cytokine. It may be that the pathologic fate of Lyme disease, in particular the transient and recurrent nature of the disease's inflammatory episodes, depends on a delicate balance between pro-and antiinflammatory responses that are elicited by spirochetal lipoproteins.
